Abstract Mitochondria are complex organelles essential to cardiomyocyte survival. Protein phosphorylation is emerging as a key regulator of mitochondrial function. In the study reported here, we analyzed subsarcolemmal (SSM) mitochondria harvested from rats who have received 4 weeks of aldosterone/salt treatment to simulate the neurohormonal profile of human congestive heart failure. Our objective was to obtain an initial qualitative inventory of the phosphoproteins in this biologic system. SSM mitochondria were harvested, and the phosphoproteome was analyzed with a gel-free bioanalytical platform. Mitochondrial proteins were digested with trypsin, and the digests were enriched for phosphopeptides with immobilized metal ion affinity chromatography. The phosphopeptides were analyzed by ion trap liquid chromatographytandem mass spectrometry, and the phosphoproteins identified via database searches. Based on MS/MS and MS 3 data, we characterized a set of 42 phosphopeptides that encompassed 39 phosphorylation sites. These peptides mapped to 26 proteins, for example, long-chain specific acyl-CoA dehydrogenase, Complex III subunit 6, and mitochondrial import receptor TOM70. Collectively, the characterized phosphoproteins belong to diverse functional modules, including bioenergetic pathways, protein import machinery, and calcium handling. The phosphoprotein panel discovered in this study provides a foundation for future differential phosphoproteome profiling toward an integrated understanding of the role of mitochondrial phosphorylation in heart failure.
Introduction
The disabling symptoms and signs of the congestive heart failure (CHF) syndrome have their pathophysiologic origins rooted in neurohormonal activation. This includes the renin-angiotensin-aldosterone system (RAAS) whose effector hormones contribute to pathologic cardiac remodeling. This adverse remodeling includes the loss of necrotic cardiomyocytes and their replacement by stiff type I fibrillar collagen as scar tissue [1] [2] [3] . Oxidative stress, generated by mitochondria, occurs when the rate of reactive oxygen species generation overwhelms their rate of detoxification by endogenous antioxidant defenses, and is integral to the appearance of programed cardiomyocyte necrosis [4] .
Mitochondria are complex, multifunctional organelles whose repertoire includes the provision of intracellular energetics and maintenance of redox balance, each of which determines cardiomyocyte survival. The compromised functional integrity and lost synthesis of high energy phosphates by these subcellular organelles eventuates in the necrosis of these obligate aerobic cells. We have used a rat model of aldosterone/salt treatment (ALDOST) to simulate the neurohormonal profile of human CHF and to interrogate the pathophysiologic link between RAAS activation and nonischemic, hormone-mediated cardiomyocyte necrosis [3] . A mitochondriocentric signal-transducereffector pathway (MSTE) was identified involving the subsarcolemmal (SSM) population of mitochondria [1, 5] . Its features include: calcitropic hormone-driven calcium overloading; their induction of oxidative stress and loss of ATP synthesis; and opening of the inner membrane permeability transition pore (mPTP) to allow osmotic swelling and organellar degeneration with ensuing cell death. Cotreatment with mitochondria-targeted interventions, either an antioxidant or mPTP opening inhibitor, has proven cardioprotective [5, 6] .
To further elucidate the involvement of the MSTE pathway during ALDOST-associated cardiomyocyte necrosis and its crosstalk with other components of the molecular mitochondrial machinery, we turned to a global-scale approach that includes transcriptomics and proteomics [7] [8] [9] . Such methodology is uniquely suited to capture perturbations within cellular, subcellular, and molecular compartments of cardiomyocytes. In this context, phosphoproteomics is an emerging resource to interrogate molecular mechanisms of pathologic cardiac remodeling [10] . In particular, phosphorylation is increasingly recognized as a critical regulator of mitochondrial function [11] [12] [13] and a growing number of phosphoproteins have been identified in various mammalian species [14] [15] [16] [17] . The continued development of analytical technologies and applications of bioinformatic tools now enables probing mitochondrial phosphorylation on a global scale as well as the interrogation of the functionality of these proteins. Mitochondrial phosphoproteomics studies often proceed in two phases. The first phase aims at qualitative phosphoproteome discovery, i.e., qualitative description of the mitochondrial phosphoproteome in the biologic system under study [15] , to provide information (specific phosphopeptide sequences and site assignments) that serves as a foundation for the second phase. The second phase involves development of tailored multiple-reaction monitoring (MRM) workflows and their application for quantitative assessment of mitochondrial phosphorylation dynamics [18, 19] .
Herein and using the chronic ALDOST rat model, we have completed a pilot qualitative study of the phosphoproteome in SSM mitochondria. We obtained an initial catalog of phosphoproteins and their sites of phosphorylation using a gel-free bioanalytical workflow to characterize 39 sites in 26 proteins that belong to critical functional modules of these organelles.
Materials and methods

Animal model
Eight-week-old male Sprague-Dawley rats were used as approved by our institution's Animal Care and Use Committee. The ALDOST treatment duration was 4 weeks. In brief and following uninephrectomy, an osmotic minipump was implanted subcutaneously releasing aldosterone (0.75 lg/h) to raise its plasma concentrations to those found in human CHF and which suppress plasma renin activity and angiotensin II [20] . In addition to standard laboratory chow, rats received drinking water fortified with 1 % NaCl and 0.4 % KCl to prevent hypokalemia. Cardiac pathology in the form of widely scattered microscopic scars, a footprint of cardiomyocyte necrosis, first appears in both atria and ventricles of the previously intact heart at week 4 of ALDOST [3, 21] .
Isolation of mitochondria
The SSM population of cardiac mitochondria (SSM) was isolated from the myocardium as previously reported [22] . In brief, whole heart homogenates were subjected to differential centrifugation, with interfibrillar mitochondria (IFM) discarded after 1,5009g and only the SSM harvested at 10,0009g. The purity of mitochondrial preparation was assessed by flow cytometry and mitochondria-specific dye, Mito Tracker Red (Invitrogen), as previously described [22] . Mitochondria from a total of nine animals (6 AL-DOST and 3 untreated controls) were used for phosphoproteome mapping. Three pooled samples (two ALDOST pools and one control pool) were analyzed separately. Each pooled sample was prepared by combining three individual mitochondrial preparations of the same type (ALDOST or control).
Protein solubilization and digestion
The mitochondrial proteins were extracted with a solubilization buffer containing 400 mM ammonium bicarbonate (pH 8), 8 M urea, and phosphatase inhibitors (PhosStop, Roche). Ninety microliters of this buffer was added to each mitochondrial preparation, and the mixtures were incubated under shaking for 1 h; during this time, the samples were sonicated three times with a sonicator probe. The proteins were reduced with DTT (5 mM final concentration) and alkylated with iodoacetamide (20 mM final concentration, incubated at r.t. in the dark for 20 min). Prior to digestion, the samples were diluted with water to a final urea concentration of 2 M. Protein concentration in the samples was determined with the 2-D Quant kit (GE Healthcare); the protein amounts in each mitochondrial sample were 250-350 lg. Sequencing-grade trypsin (Promega) was added to each sample at a protease-to-protein ratio of 1:100, and the samples were incubated O/N at 37°C. After digestion, the mixtures were acidified with TFA and pooled as described above. The pooled samples were subjected to C18 solid phase extraction (SPE) using a home-packed mini-column. After elution from the SPE column, the peptides were dried in a vacuum centrifuge.
Phosphopeptide enrichment
Phosphopeptide enrichment via immobilized metal ion affinity chromatography (IMAC) was performed with the Phosphopeptide Isolation kit (Pierce) using a procedure described earlier [23] . The eluted phosphopeptide mixtures were acidified, and the solution volume was reduced in a vacuum centrifuge. Finally, the enriched digests were purified with ZipTip C18 (Millipore) using manufacturer's procedures. The phosphopeptides bound to the C18 column were eluted with 3 ll of 50 % ACN/50 % water/0.1 % TFA, and diluted with 6 ll of 0.1 % formic acid.
LC-MS/MS
The liquid chromatography-tandem mass spectrometry (LC-MS/MS) analyses were performed with an LTQ linear ion trap mass spectrometer (Thermo Scientific) interfaced with a Famos/Ultimate nanoflow LC system (Dionex). The separations were performed with a fused silica microcapillary column/spray needle (15 cm length, 75 lm i.d., New Objective) using a 90-min linear gradient from 0 to 90 % mobile phase B at a flow rate of 200 nl/min. Mobile phase B was 10 % water/90 % methanol/0.05 % formic acid; mobile phase A was 98 % water/2 % methanol/0.05 % formic acid. For each sample, two analyses were performed in the data-dependent acquisition mode. The first analysis consisted of MS and MS/MS cycles; the second analysis included MS 3 triggered when a phosphopeptide-diagnostic neutral loss ([M?2H-98] 2? at 49 m/z below the precursor ion mass, or [M? 3H-98] 3? at 32.8 m/z below the precursor, was detected in the MS/MS spectrum [24] .
Bioinformatics
The LC-MS/MS datasets were used to interrogate the UniProt protein sequence database (subset of rat proteins, created January 2012) using the SEQUEST search engine (Proteome Discoverer 1.3 software suite, Thermo Scientific). The search parameters were: full trypsin specificity; phosphorylation (or loss of water in MS 3 ) as a dynamic modification on S, T, and Y; dynamic modification of oxidized M; and static modification of carbamidomethylated C. The search results were filtered to include peptides retrieved with XCorr-versus-charge values C3.1 and 4.0 for doubly and triply charged precursor ions, respectively; this filtering procedure produced phosphopeptide set with a calculated false discovery rate (FDR) of 1 %. A few lowerscoring phosphopeptides were included in the set if supporting evidence (such as an MS 3 spectrum, etc.) was available. The phosphosite localization probability was calculated with the phosphoRS algorithm [25] . All MS/MS and MS 3 spectra for the individual phosphopeptides were inspected manually to confirm the peptide sequence and the location of the phosphorylation site.
In-silico predictions of potential kinase families were produced by NetworKIN [26] . Information on protein function was compiled from annotations in the UniProt and PhosphoSite knowledge bases and from searches of primary literature.
Results and discussion
Summary of bioanalytical strategy
In this discovery study, we applied a gel-free bioanalytical workflow to obtain a first description of the phosphoproteome in rat cardiomyocytes in ALDOST. This description encompasses protein identities, sequences of the phosphopeptides originating from these proteins, and locations of the exact sites of phosphorylation.
The bioanalytical workflow chosen for interrogation of the mitochondrial phosphoproteome involved four major steps: (1) solubilization and in-solution digestion of the SSM proteomes; (2) enrichment of the digests by IMAC, which selectively captured phosphorylated peptides; (3) analyses of the enriched digests by LC-MS/MS, which included enhanced sequence-and site-diagnostic phosphopeptide fragmentation (MS/MS and MS 3 ); (4) identification of phosphopeptides/ proteins and assignment of phosphorylation sites.
It should be noted that the bioanalytical strategy was designed in the context of planned large-scale phosphoproteomics studies that will involve multiple biologic replicates and time points. To ensure a reasonable throughput of these future studies, we have omitted from our workflow multiple dimensions of separation at the protein and/or peptide level. Although we and others have previously demonstrated that additional fractionation results in increased phosphoproteome coverage [15, 27, 28] , the concomitant decrease in throughput would be incompatible with multiple sample analyses. Isolation of mitochondria (vs. phosphoproteomics of whole cells) already provides an effective enrichment of phosphoproteins in terms of their functional relevance.
Mitochondrial phosphoproteins and sites of phosphorylation were identified by database searches and verified by manual inspection of the MS/MS and MS 3 spectra. One of the signature features inspected in the MS/MS spectra was a Fig. 1 prominent product ion due to the neutral loss of elements of phosphoric acid from the phosphopeptide molecular ions [29] ; this fragmentation pathway is favored in the ion trap mass spectrometer. Representative MS/MS and MS 3 spectra for one of the phosphopeptides from our dataset are depicted in Fig. 1 . Figure 1a shows the MS/MS spectrum for the phosphopeptide IFsSEHDIFR, which displays a major signal at m/z 617.2, arising from the loss of phosphoric acid from the doubly-charged precursor ion. In addition, a number of product ions from the b-and y-series are present in the MS/ MS spectrum and determine the amino acid sequence of the phosphopeptide. The MS 3 spectrum of the primary product ion [M? 2H-98] 2? (Fig. 1b) confirms the amino acid sequence of IFsSEHDIFR and location of the phosphorylation site in this peptide. Inclusion of neutral-loss triggered MS 3 in the LC-MS/MS data acquisition provided increased confidence in sequence/site assignment.
Phosphoproteome panel discovered in SSM
Results for the rat cardiomyocyte mitochondrial phosphoproteome analyses are summarized in Table 1 . Overall, interrogation of the IMAC-enriched digests of mitochondrial samples with LC-MS/MS and MS 3 resulted in the characterization of 42 distinct phosphopeptides that contained a total of 39 phosphorylation sites and mapped to 26 proteins. Details for the characterization of each phosphopeptide/site are provided in Supplementary Table 1 . For all phosphorylation sites that were characterized, insilico analysis was performed to predict potential kinase families that may be responsible for phosphorylation of a particular site based on consensus sequence motifs. As shown in Fig. 2 , the highest number of the phosphosites is predicted as putative targets of casein kinase II (CKII), protein kinase C (PKC), and protein kinase A (PKA). These results are similar to mitochondrial phosphoproteome findings reported previously [26] and suggest a potential role of these kinases in mitochondrial protein phosphorylation.
It should be pointed out that the aim of this pilot study was to provide the first description of the phosphoproteome in rat heart mitochondria, and thus the study was designed for qualitative phosphoproteome description/site discovery. The data were obtained for a total of three biologic samples of rat heart mitochondria (Supplementary Table 1 ) to demonstrate that phosphopeptides/sites can be characterized in this biologic system with the chosen bioanalytical methodology. The study was not intended to assess differential phosphorylation between ALDOST and control but to serve as foundation for our future quantification studies with tailored MRM workflows [19] .
In terms of phosphoproteome size, it has been postulated that, analogously to whole proteome, the mitochondrial phosphoproteome is much smaller than the phosphoproteome of whole eukaryotic cells; this has been confirmed experimentally in a recent study that applied high-resolution mass spectrometry to comparative examination of protein phosphorylation extent in diverse biologic systems [30] . Our phosphoprotein panel, which encompasses 39 sites in 26 proteins, is not expected to represent a complete catalog of the cardiomyocyte mitochondrial phosphoproteome; a Phosphorylation site(s) on S, T, Y, are indicated with lower-case letters. Lower-case m denotes an oxidized M residue Fig. 2 Potential kinases predicted for the phosphorylation sites characterized in SSM mitochondria from rat cardiomyocytes. The in-silico analysis was performed with NetworKIN certainly, a portion of the phosphoproteins escaped detection due to limitations in our bioanalytical workflow. Nevertheless, our panel consists of phosphoproteins that are highly relevant to mitochondrial function, as discussed in more detail below.
Functional relevance of the characterized phosphoproteins
The phosphoproteins were mapped in all main locations of the mitochondria: outer mitochondrial membrane (OMM), intermembrane space, inner mitochondrial membrane (IMM), and matrix. In addition, our panel includes phosphoproteins that localize to the sarcoplasmic reticulum (SR), which is known to be in close association with the mitochondria. The characterized phosphoproteins belong to multiple functional modules including bioenergetics, transport, and calcium regulation. Selected examples are discussed in more detail below. The panel in Table 1 includes phosphoproteins that are constituents of several bioenergetic pathways, in keeping with the critical importance of mitochondria as the principal source of cellular energy. Several of these proteins are classical cases of phosphorylation-dependent mitochondrial enzymes that have long been established. For example, the activity of the pyruvate dehydrogenase complex (PDC) is well known to be regulated by phosphorylation/dephosphorylation via PDKs and pyruvate dehydrogenase phosphatases [31] . The PDC is the last enzyme in the glycolytic pathway; it is a multi-subunit complex that catalyzes the decarboxylation of pyruvate to form acetyl-CoA, which is used as a substrate for the TCA cycle. We have mapped three phosphorylation sites in pyruvate dehydrogenase E1 subunit alpha. Because phosphorylation-dependent modulation of the PDC complex is well studied, it could serve as a reference standard in functional phosphoproteomics studies of proteins/sites with unknown mechanistic impact [14] .
Another phosphoprotein characterized in our study is the long-chain specific acyl-CoA dehydrogenase (LCAD) with serine 54 identified as the site of modification (Fig. 1) . This enzyme is involved in the first step of the mitochondrial fatty acid beta-oxidation pathway (FAO) and catalyzes the initial dehydrogenation of long-chain fatty acids. In the normal adult heart, FAO is the preferred pathway to generate energy that sustains cardiac function. Aberrations in substrate utilization, specifically a decline in FAO and shift toward glucose oxidation, may be found in association with heart failure [32] .
We have mapped the sites of phosphorylation in two members in OXPHOS. This functional element responsible for production of ATP is composed of protein complexes located in the inner membrane, including the electron transport chain (ETC) complexes I-IV and ATP synthase (complex V). In particular, complexes I and III of ETC are major sites of reactive oxygen species generation as a byproduct of normal metabolism. As we have shown in our ALDOST model, the pathophysiological scenario leading to cardiomyocyte necrosis includes aberrant production of reactive oxygen species and increased oxidative stress that eventually overwhelms protective antioxidant scavengers with ensuing opening of the mPTP pore to result in cell death [1, 5] . Our pilot results include characterization of two phosphorylation sites in cytochrome b c-1 complex subunit 6 (complex III subunit 6) and of one site in ATP synthase subunit alpha.
Phosphorylation of several protein transport machinery proteins (TOM70, HSP90, and TIMM8a) revealed in our investigation suggests a possible role of this modification in protein translocation into the mitochondria [33] . The mitochondrial import protein subunit TOM70, found to be phosphorylated at serine 94, is a component of a translocase (TOM) complex on the OMM and enables protein translocation across the outer membrane. The chaperone heat shock protein HSP90 participates in the targeting of precursor proteins to the TOM assembly. The mitochondrial import inner membrane translocase subunit TIMM8A, located in the intermembrane space, operates in conjunction with the TIM protein import machinery that facilitates entry of proteins into the mitochondrial matrix.
Finally, our collection of phosphoproteins encompasses proteins involved in calcium handling, for example, sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2) and phospholamban (PLN). These proteins are known to be located in the SR. In cardiomyocytes, the SSM mitochondrion and the SR are in close proximity to each other. Physical and functional interfacing of the two organelles has been demonstrated [34] . In keeping with this interaction, numerous SR proteins were identified in a recent large-scale inventory of cardiac mitochondrial proteome [35] . The SR is responsible for calcium storage/release and hence for regulation of intracellular calcium homeostasis and cardiac contractility. SERCA2 mediates the uptake of calcium into SR, and it has been one of the key proteins implicated in the molecular mechanisms associated with impaired contractility of the failing heart. PLN inhibits the activity of SERCA2 in a phosphorylation-dependent manner. Other participating partners and their roles are being characterized as a detailed picture of the SERCA2/PLN regulatory complex is developing [36] . The MSTE to nonischemic cardiomyocyte necrosis during ALDOST is initiated by intracellular and intramitochondrial calcium overloading, which is mediated by calcitropic hormones [37] .
In conclusion, this study presents an initial inventory of the phosphoproteins in cardiomyocyte SSM mitochondria. The characterized phosphoproteins are directly relevant to various aspects of mitochondrial function. Results from this phosphoproteome discovery study can be used to design stable-isotope labeled standard phosphopeptides to develop tailored MRM workflows for targeted quantification of specific phosphorylation sites. Therefore, our findings provide an important foundation for future phosphoproteome studies in the ALDOST heart failure model, directed toward functional understanding of mitochondrial phosphorylation at the systems level.
